The application of contra-rotating rotors for higher specific speed pump has been proposed in our studies, which is in principle effective for reducing the rotational speed and/or the pump size under the same specification of conventional axial flow pump. In the previous experiments of our prototype, the cavitation inception at the tip region of the rear rotor rather than that of the front rotor and the strong potential interaction from the suction surface of the rear rotor blade to the pressure surface of the front one were observed, indicating the possibility to further improve the pump performance by optimizing rotational speed combination between the two rotors. The present research aims at the design of rear rotor with lower rotational speed. Considering the fact that the incoming flow velocity defects at the tip region of the rear rotor, an integrated inflow model of 'forced vortex' and 'free vortex' is employed. The variation of maximum camber location from hub to tip as well as other related considerations are also taken into account for further performance improvement. The ideas cited above are separately or comprehensively applied in the design of three types of rear rotor, which are subsequently simulated in ANSYS CFX to evaluate the related pump performance and therefore the whole low speed design idea. Finally, the experimental validation is carried out on one type to offer further proofs for the availability of the whole design method.
Introduction
The axial flow pump with higher flow rate operation is increasingly required in drainage fields due to its advantages of the low cost and compact structure while it is also suffering the cavitation problem and efficiency deterioration as the high specific speed pump [1, 2] . The contra-rotating axial flow pump with two rotors rotating reversely, offers a better solution for these fields [3, 4] . In our previous experiments, it has been confirmed that, under the same specific speed, this type of pump reduces the head and the rotational speed of each rotor respectively, which brings about better cavitation performance and higher efficiency at the design point [3, 4] .
Given the same rotation speed of both rotors (N f =N r ), the cavitation inception was observed in the tip region of the rear rotor rather than the front rotor at the off design conditions [4] . Regardless of the pressure rise of front rotor, the larger relative inflow velocity of rear rotor was found to mainly contribute to the early occurrence of cavitation, which indicates the possibility to further improve the cavitation performance by the optimized rotational speed combination of two rotors. In addition, it has been found from the instantaneous wall pressure measurements that a strong potential interaction from the suction surface of the rear rotor blade to the pressure surface of the front one appears due to higher stagger installation of the rear rotor blades [4] . These facts imply the effectiveness of rotational speed optimization between front and rear rotors.
The present research aims at the design of the new rear rotor with reduced rotational speed for more favorable performances of contra-rotating axial flow pump. After the determination of the rotational speed for both rotors in order to reduce relative inlet velocity and stagger angle of rear rotor blade, three types of rear rotors are designed with thinner blade profile, positive incidence angle and longer chord length, as well as smaller stagger angle. Because the exiting flow from the front rotor is observed to defect at the tip region in our previous experiments [5] , the integrated model of 'forced vortex' and 'free vortex' for the inflow velocity distribution is adopted in the new rotor design presented here. The idea of variable maximum camber location from hub to tip of blade is also employed to reduce the shock-loss around the blade leading edge and the secondary flow while for the former rotors the maximum camber location was kept as 40% from the leading edge to the chord length through the whole blades. These design ideas are comprehensively or separately applied in different rotors, which are simulated in ANSYS CFX to make a comparison on related performances and therefore to estimate the availability of those design ideas. One of the designed rear rotors, in which both the integrated model for the inflow velocity distribution and the variable maximum camber location were applied, was found to highly satisfy the design specification with the highest efficiency in the numerical simulation. Then, this type of rotor was manufactured and the experimental validation has been carried out to offer further proofs for the availability of the whole design method.
Design basis
As the higher relative velocity with low flow angle at the inlet of rear rotor blade with larger stagger angle causes the cavitation inception in the rear rotor tip region and the strong potential interaction between two rotors, the rotational speed optimization is required in the new rotor design, which will be described in Sec. 3. Other defects observed in the experiments of the previously designed rotors are also considered in this section, which are listed as follows:
Observed outflow velocity distribution of front rotor
The circumferential-averaged axial (V z ) and circumferential (V θ ) components of absolute velocity at the inlet of rear rotor are illustrated in Fig. 1 , where r c denotes the radius at the inner surface of casing. As shown in Fig. 1 , measured axial velocity depicted by solid symbols significantly deviates from that under the 'Free vortex' design (blue curve) especially at the tip region, while the circumferential velocity slightly increased from the previous design condition in this region. The tip leakage vortex of the front rotor must be the main cause of the axial velocity defect, which has also been proved in the CFD simulation of the case with and without tip clearance. As described in Fig. 1 , the 'normal' model with the tip clearance of 1mm (green curves) shows a larger velocity deviation than the 'noclearance' model (red curves) especially at the tip position.
Since the tip blade profile greatly influences on the rotor efficiency, with the consideration of the actual inlet flow of rear rotor, the model of 'forced vortex' described in the following sections is applied to express the inflow boundary condition in the design of new rear rotor. 
Negative incidence angle of rear rotor
For the existing rear rotor (RR2 type) designed by the conventional way with the profile series of NACA44**, the profile dimension of which will be described in Table 3 , the measured and numerically calculated relative inflow angles are plotted in Fig.  2 in comparison with the designed inlet blade angle β b1 .
The negative incidence angle i (i=β r1 -β b1 ) is observed, which is known as unfavorable to inlet shock-loss and cavitation performance, due to which the stagnation point locates on the blade suction surface near the blade leading edge [6] . The positive incidence angle is considered as one of the most important design principles during the design of the new rear rotor.
Determination of blade parameters
The thickness of the new rear rotor is determined by the NACA4* series which is employed in the design of previous rear rotor as the following eq. (1): While a new quadratic parabola for the camber angle is adopted as eq. (2):
Several new ideas for performance improvement are applied in the detail parameter determination which are absence in the design of the previous ones.
Determination of design rotational speed
Given the same rotational speed of both front and rear rotors (N f =N r ), the relative inflow velocity W r1 of rear rotor is in general larger than the relative inflow velocity W f1 of front rotor, resulting in higher required NPSH (NPSH r ) than that of front rotor, despite that the inlet static pressure of rear rotor is increased by the head-rise of front rotor. It seems reasonable to delay the cavitation inception of rear rotor by optimizing the combination of rotational speed of two rotors, which results in 'NPSH rf > NPSH rr ' where the subscripts f and r denote the front and rear rotor respectively. In addition, the decreasing rotational speed of rear rotor also brings about the increase in the relative inflow velocity angle to weaken the blade row interaction.
For the front rotor:
For the rear rotor: 
Combined with the equation of Euler Head, the rotational speeds of both rotors can be described as follows:
Given the total pump head of H=4m and design flow rate of Q=70 L/s as the previous rotors, and the measured peak efficiency point of the front rotor (at Q=63 L/s for N f =1225 rpm) [5] , the optimized rotational speeds combination are obtained as:
Determination of blade profile parameters

Flow angles
The positive incidence angle through the whole blade is considered as one of the most important design principles. The specification of inflow velocity, based on the actual inflow distribution, enables the realization of the proposed relative inflow angle and the positive incidence angle. Since, in the previous experiments, the measured velocity distribution at the outlet of the rear rotor, i.e. at the inlet of the rear rotor, has been found to be deviated from the assumed distribution of "free vortex", the new "integrated model" is herein proposed, where the "forced vortex" distribution is assumed near the tip region. This integrated model is shown in Table 1 . 
The joint section between free and forced vortex-type flow distributions is set at the position of r m =0.0875r c , where the velocity is experimentally confirmed to start defecting regardless of the rotational speed. As shown in Fig. 3 , the velocity distribution expressed by the new integrated model shows a good agreement with the simulated outflow velocity distribution (with normal tip clearance as 1mm) of front rotor. Given the assumption of no swirl at the rear rotor outlet (V θr2 =0), the inlet and outlet relative flow angles could be determined based on the velocity distribution as follows:
The incidence angle is set as consistently i=2º through the whole blade from hub to tip. The deviation angle at the outlet of rear rotor is determined according to the following empirical equation eq. (6) obtained from the parameter study using CFD, where  denotes the turning angle of the flow through the blade passage:
Maximum camber location
Since Zangeneh [7] has indicated that the secondary flow could be well controlled with the blade designed as leading edge loaded at tip and trailing edge loaded at hub, the idea of variable maximum camber position is adopted in the new rear rotor RR3 design. Compared to the RR2 with the consistent maximum camber x f /l positioned at 40% to chord length over the whole blade span, the x f /l of RR3 adopts 40% at the tip and smoothly shifts into 60% at the hub.
Other parameters
For the favorable performance, the RR3 type is designed with smaller thickness to reduce the blockage effect, larger length as well as larger solidity to relief the tip leakage vortex, and smaller stagger angle to decrease the influence from the low pressure region of the suction side onto the flow field of front rotor.
Detail parameters of three new types of RR3
Three new types of rear rotor RR3 are designed as described in Table 2 . The detailed profile parameters designed at 5 radial sections for the RR3 as well as the previous rear rotor RR2 are listed in Table 3 to make a clearer description of the differences among them. As described in Table 3 , compared to the RR2 type, all of three types of RR3 are designed with higher solidity, larger attack angle  and smaller stagger angle  except for the hub section of RR3-Z and RR3-F. Compared to RR3-40, the maximum camber location on the hub section of the RR3-Z and RR3-F is designed as x f /l 60% therefore more closed to the trailing edge, resulting in larger stagger angles and smaller attack angle on the hub section. Totally the RR3-40 type is designed with the largest average attack angle covering the major blade span, while the RR3-F type with the smallest at the tip region. 
Performance evaluation by CFD
The internal flow with newly designed three types of rear rotor are simulated in ANSYS CFX 13 to make a comparison on related performance and therefore to estimate the availability of the design ideas.
Our previous numerical simulation for RR2 rotors [6] has shown that, even at the design flow rate, the transient simulation with whole blade passage models of both front and rear rotors is necessary for quantitative evaluations of pump performances. In addition, the total number of the calculation nodes up to 1.1 million for the whole passages, where 10 nodes are distributed between the blade tip end and the casing wall, has been found to be sufficient to reproduce the overall flow field inside the blade passages of the front and rear rotors as well as the detailed flow structures such as the tip leakage flow. Then, in the present study, the transient numerical simulation with the whole passage model is again carried out for the newly designed three rotor pairs, RR3-Z, RR3-F and RR3-40.
In the simulation, the so-called 'transient rotor-stator model' implemented in ANSYS CFX is used at the interface between computational domains of the front and rear rotors. As the boundary conditions, the mass flow rate is specified at the inlet located 4D c upstream of the front rotor, and the static pressure at the outlet located 1.3D c downstream of the rear rotor. All the walls are treated as non-slip wall. The turbulence model of 'Shear Stress Transport (SST)' is employed. The time step is set to be less than that corresponding to 0.5 degree of the rotation of rotors, and the time averaged data after, at least, four revolutions of each rotor are used for the performance evaluation. Figure 4 compares the heads and the efficiencies of front and rear rotors as well as total ones between four combinations of rotors RR2, RR3-Z, RR3-F and RR3-40.
Hydraulic performance comparisons
For the evaluation of head-rises of front and rear rotor in each pair, H f and H r , time-averaged values of the casing wall static pressure differences between the upstream and downstream of the rotor are calculated, and the difference of dynamic head based on the axial velocity component are taken into the corresponding measured static head difference. This procedure is the same for that done in the experimental evaluations [6] . Then total head is calculated by H=H f +H r . The hydraulic efficiencies of each rotor,  f and  r , are calculated as the ratio of the corresponding water power gQH f, r to the shaft power L sh , f,r =2T f,r N f,r /60, where T f,r is a time-averaged torque of each front and rear rotor. Then the total hydraulic efficiency is calculated by =gQH/(L sh,f +L sh,r ). From Fig. 4 , although the identical front rotor is used for all the combinations, the head and the efficiency of front rotor can be found to be increased with the newly designed RR3 rear rotor from that with RR2 rotor, which is simply due to the difference of operating condition of front rotor, namely lower flow coefficient with higher efficiency and larger rotational speed in RR3 types. In rear rotors, with considering several factors into the design, the new types of RR3 rear rotor show significant performance improvements from the previous RR2 rotor.
The RR3 types offer a significant head increase than the RR2 type. The type of RR3-Z and RR3-40, both of which designed under the integrated model of forced and free vortex for the inflow velocity distribution, offer the favorable head performance around 2.1m therefore the total pump head is highly close to the design condition, while the RR3-40 designed with the largest attack angle could reach the highest total head as 4.07m. In spite of a head increase than the RR2 type, the RR3-F, in which only the model of 'free vortex' is applied, performs inferior than the other two types, which means a probable loss at the tip position due to the unreal assumption of the inflow velocity distribution during the design process.
In spite of a lower head than other two types of RR3, RR3-F still offers a favorable head and efficiency than the RR2 type, which means, besides the integrated model for the inflow velocity, other considerations such as longer chord length, positive incidence angle and so on also take effects on the improvement of internal flow situation and the loss reduction in the rear rotor. On the other hand, although the RR3-40 type shows the largest total pump head within the three types of RR3 rear rotor, the consumption of shaft power which corresponds roughly to Euler's head increases, results in lower efficiency than the other two types. The absence of the control in secondary flow, which is applied in the other two rotors, probably causes the additional increase of shaft power, contributing to the lower efficiency of RR3-40 type.
The rear rotor optimization significantly contributes to the efficiency improvement of RR3-F and -Z types as shown in Fig. 4 . Among the newly designed rear rotors, the RR3-Z type applied both the integrated model of inflow velocity distribution and the variable maximum camber location gains the highest efficiency with 82.8%. This fact indicates the importance to pay more attention to the blade profile design at the tip region and the loss reduction through the blade profile optimization.
Cavitation performance comparison
A series of transient simulations with the multiphase model considering cavitation are necessary to discuss about the cavitation performance of rotors, whereas in the present paper, we describe the possibility of cavitation in terms of cavitation inception with the minimum pressure obtained by single-phase transient simulations. The required NPSH (NPSH r ) based on the cavitation inception can be estimated by the following Eq. (7).
NPSH r =(P Tinlet -P min )/ρg (7) Where P Tinlet denotes the total pressure at the inlet of the pump, i.e. at the inlet of front rotor, and the P min as the lowest static pressure on the blade profile. Although the location of minimum pressure often appears in the tip leakage vortices and/or on the tip surface of blade, the minimum value on the suction surface of blade is employed for NPSH evaluation, since it is believed to be directly related with the blade cavitation performance. Figure 5 compares the values of NPSH r of front and rear rotors between four combinations of rotors RR2, RR3-Z, RR3-F and RR3-40.We can see that the required NPSH of front rotor is higher with the all types of RR3 rear rotor than that with the RR2 type, indicating that the cavitation performance of front rotor in terms of cavitation inception becomes worse with the RR3 types. This is simply due to the relative velocity increase with the increase of rotational speed of front rotor.
On the other hand, for the rear rotors, the required NPSH of all types of RR3 is also higher than that of RR2 type, in spite of the reduced rotational speed of RR3 rear rotor. This is because we have designed RR3 types with the positive incidence angle, resulting in the large angle of attack with the increased negative peak pressure. Among three types of RR3 rear rotors, the RR3-Z is turned out with the best cavitation performance in terms of cavitation inception. The RR3-40 type has been designed with the largest attack angles as described in Table 3 , resulting in worse cavitation performance than the RR3-Z type. For the RR3-F type, although the design attack angle is the smallest, the free vortex inflow is assumed, which is far from the real inflow especially for the tip region. Inappropriate flow angle due to 'free vortex' assumption is believed to lead coincidently the unfavorable pressure distribution around the blade, deteriorating the cavitation performance of RR3-F rear rotor.
A lower NPSH r has been shown for the RR2 type than the RR3 types in terms of cavitation inception, however, the RR2 type with the large negative incidence angle would suffer from the cavitation on the pressure side as well as on the suction side as the NPSH is further reduced, which is considered to cause easily head breakdown of the rotor. We expect that, in terms of performance breakdown due to cavitation, the RR3 types with small positive incidence angles are favorable. We would like to investigate the effectiveness of new RR3 design in terms of cavitation breakdown by transient cavitation CFD simulation, which will be discussed in our future publications.
Experimental validation with RR3-Z type
We have manufactured the RR3-Z rear rotor, which has been shown by CFD with the best hydraulic and cavitation performances among the newly designed RR3 types. Performance test has been carried out, results of which along with those of RR2 type are shown in Fig. 6 . In the figure, the values obtained by CFD numerical simulations in the previous section are also plotted, from which we can confirm the validity of our numerical approach.
As shown in Fig. 6 (a) , the head of front rotor is totally increased with the RR3 type in the whole range of flow rate, which is mainly due to the increase of rotational speed of front rotor. The maximum efficiency point moves to the larger flow rate as expected, whereas the efficiency in the partial flow rate range is slightly increased due to the weakened interaction of the rear rotor blades with the reduced rotational speed.
On the other hand, the head of RR3 rear rotor is comparable to that of RR2 type, despite of the reduced rotational speed of RR3 type, as shown in Fig. 6 (b) . Appropriate design of RR3 type especially near the tip region contributes to the favorable head characteristics as well as to the efficiency increase. A positive incidence angle at the design condition of RR3 makes the maximum efficiency point move to the larger flow rate, then the loss increases at the partial flow rates, resulting in the efficiency deterioration in this flow rate range.
In total, the rotor pair with RR3 shows benefits in the pump head and efficiency at the higher flow rate as shown in Fig.6 (c) , which also offers us a possibility to improve these characteristics at the off design conditions by the additional rotational speed controls of rotors.
Totally, according to the results from both experiments and numerical simulations, the newly designed contra-rotating rotor pairs offer favourable performances highly meet the design specification, and the CFD simulation with the rotor interface as 'transient rotor-stator' reliably predicted the performances of the contra-rotating pump despite of the complicated rotor interaction and vortices structure inside. 
Conclusion
For the wider application of the contra-rotating axial flow pump, this research focused on the design method of the new type of rear rotor by rotational speed optimization for further improved performance.
Our conclusions are briefly summarized as follows: 1) The integrated model with forced vortex at the tip region, which models the real inflow velocity distribution of rear rotor, is effective for the rotor design giving higher efficiency. 2) The RR3 type designed with the variable maximum camber location shows higher efficiency than that with the consistent maximum camber location, which offers us a profile design guideline for the reduction of the secondary flow and the related losses.
3) The optimized rotational speed combination between the rotor pairs and the integrated considerations such as thinner blade profile, positive incidence angle and longer chord length take obvious effects on the improvement of cavitation inception performance. Despite of no superiority in the cavitation inception is shown for the RR3 compared with the RR2, the better cavitation performance is expected since the cavitation on the blade surface of the RR3 is supposed to develop much slower than RR2 and limit only on the suction surface due to the profile optimization, resulting in better cavitation performance than the RR2 type. A series of transient simulations with the multiphase model is now in preparation for the further research on the cavitation performance of these rotors, the results of which will be discussed in our future papers.
